37): H2056-H2062, 1995.-Selective reduction of pulmonary vascular resistance (PVR) remains a therapeutic goal for the treatment of pulmonary hypertension, but current therapeutic options remain limited. Although the gas nitric oxide (NO) selectively dilates the pulmonary vascular bed, it requires special equipment for administration, has a short biologic half-life, and is potentially toxic. We hypothesized that stimulation of the NO pathway at the level of its second messenger, guanosine 3'5'~cyclic monophosphate (cGMP), by targeted pulmonary delivery of a membrane-permeable nonhydrolyzable cGMP analogue would cause selective pulmonary vasodilation. Pulmonary hypertension was induced in 21 pigs by the intravenous infusion of a thromboxane AZ analogue (9,11-dideoxy-9cx, 1 lol-epoxymethanoprostaglandin F&. Inhaled 8bromoguanosine 3',5'-cyclic monophosphate (8BrcGMP) lowered PVR in a time-and dose-dependent manner, with maximal effect achieved after 20 min. Compared with physiological saline control, 8BrcGMP inhalation (3.0 kg/kg) lowered PVR by 25 t 3% (P < O.Ol), whereas there was no significant decline in systemic vascular resistance (4 t 6%); mean pulmonary arterial pressure declined 13 t 3% (P < O.Ol), whereas there was little change in mean arterial pressure; cardiac output increased 10 t 4% (P < 0.05). PVR did not decrease after inhalation of noncyclic 8-bromoguanosine 5'-monophosphate, indicating that stimulation of the NOcGMP pathway beyond the level of NO results in pulmonary vasodilation independent of stimulation of purinergic receptors. Inhaled 8-BrcGMP had no deleterious effect on loadindependent measures of ventricular contractility, as shown by left ventricular pressure-volume loops generated at different preloads. Because selective pulmonary vasodilation was not observed after intravenous administration of 8-BrcGMP, these studies demonstrate that targeted delivery of a cGMP analogue by inhalation can selectively reduce PVR. pulmonary vascular resistance; guanosine 3',5'-cyclic monophosphate; nitric oxide PULMONARY HYPERTENSION is associated with significant morbidity and mortality, yet therapeutic options remain limited, because agents that lower pulmonary vascular resistance (PVR) also lower systemic vascular resistance (SVR) (18). Inhalation of nitric oxide (NO) gas has been shown to selectively lower PVR in pulmonary hypertension (12, ZO), but there are concerns about the formation of toxic products from the reaction of NO with oxygen (2, 5), logistic difficulties associated with delivery of a gas, the necessity of constant administration for continued effect because of the short biologic half-life of NO ). An arterial catheter was inserted percutaneously into the femoral artery, and the right external jugular vein was exposed via cutdown. Insertion of an 8.5F introducer sheath (Arrow, Reading, PA) into the external jugular vein was followed by placement of a 7.5F pulmonary artery thermodilution catheter (Baxter Edwards Critical Care, Irvine, CA), which was advanced to the pulmonary artery with hemodynamic monitoring. by inhalation in the following manner: 0.2-ml aliquots were aerosolized using oxygen to create droplets that were delivered directly into the trachea during the inspiratory phase of each respiratory cycle until a total of 5 ml was given. This was followed by 2 1 h of observation.
After consistent measurements of PVR were obtained, 8BrcGMP
(0.03-300 pg/kg, Sigma Chemical) was dissolved in a 5ml volume of physiological saline and administered by inhalation in a manner identical to that used for the physiological saline control. Hemodynamic data were recorded at lo-to 15min intervals. When no hemodynamic response was noted after 2 h of administration of the lowest dose of 8BrcGMP (0.03 pg/kg), a higher dose was administered to establish a dose response. In separate experiments, &bromo-guanosine 5'-monophosphate (8BrGMP, 300 Fg/kg; Sigma) dissolved in 5 ml of physiological saline was similarly administered by inhalation.
After a 2-h observation period, 8-BrcGMP (300 pg/kg of 8-BrcGMP dissolved in 5 ml of physiological saline) was injected intravenously as a bolus, and hemodynamic measurements were recorded every lo-15 min. To assess whether inhaled 8-BrcGMP may depress myocardial contractility (6, 11,26), experiments were performed with or without the induction of pulmonary hypertension using the same thromboxane A2 analogue. Left ventricular (LV) contractile state was assessed in these animals by measuring the end-systolic pressure-volume relationship (ESPVR), with conductance used as an index of ventricular volume (3,25). A 7-Fr conductance catheter (10 pole, Webster Labs, Baldwin Park, CA) was introduced into the carotid artery, and the tip was positioned in the LV apex under fluoroscopic guidance. The abdominal inferior vena cava was exposed, and venous return was impeded as needed with a snare. LV pressure was measured using a Statham strain gauge connected to the end lumen in the conductance catheter. Data were digitized (200-Hz sampling rate) on an IBM-compatible computer and analyzed off-line with custom-designed software. Pressure-volume loops were obtained at different preloads during brief periods of inferior vena caval occlusion, and end-systolic pressures (P,,) and volumes (ves) were identified in the standard fashion (3). The slope (&) and volume axis intercept (VJ were calculated using linear regression analysis of Ves against Pes: P,, = E,, W -V,). Inhaled 8-BrcGMP (30 pg/kg) was administered as de:ribed above, and ESPVR was measured every 15 min for 2 h. To gauge the effect of a known negative inotrope (28), an intravenous bolus of esmolol(l mglkg) was given after the 2-h period, and the same measurements were obtained. CVP, PCWP, MAP, MPAP, CO, and arterial and mixed venous blood gases were measured. PVR (dyn l s l cms5) and SVR (dyn l s l cmw5> were calculated as follows: PVR = 80 l (MPAP -PCWP)/CO; SVR = SO*(MAP -CVP)/CO. Pulmonary shunt fraction was determined using the following formula: Qs/Qt = (C co, .-C~,>/WCo, -CVo,), where Qs is pulmonary shunt flow, Qt is total flow across the pulmonary vascular bed, Cc0 is pulmonary capillary 02 content, Ca, is arterial O2 content, and Cs,2 is mixed venous 02 content (27). Data were analyzed using Student's t-test for paired or unpaired data, as indicated. Dose-response data were analyzed by analysis of variance, with the Bonferroni/Dunnett post hoc comparison of individual means used to test for significant differences. Data are expressed as means 2 SE, with P < 0.05 considered statistically significant.
RESULTS
Pulmonary hypertension was established in a porcine model by use of intravenous infusion of a potent vasoconstrictor, which is an analogue of thromboxane A2 (9,lL dideoxy-9cx, 1 la-epoxymethanoprostaglandin Fza) (10). Compared with baseline, after thromboxane treatment PVR increased from 102 t 7 to 378 t 8 dyn s l cmN5 (P < 0.005) and SVR increased from 825 t 67 to 1,117 t 31 dynscm -5 (P < 0.05). In addition, MPAP increased from 15 t 1 to 33 t 2 mmHg (P < O.OOS), MAP increased from 69 t 5 to 85 t 5 mmHg (P < 0.05), and CO remained unchanged (7 t 1 vs. 6 t 0.3 l/min, P = NS; Fig.l ).
After pulmonary hypertension was established, inhalation of the membrane-permeable cGMP analogue 8-BrcGMP (14-16) caused a significant decline in MPAP, CVP, and PVR (data for individual animals are shown in Table 1 and Fig. 2 ). In contrast, SVR did not decrease significantly, and MAP remained unchanged after inhalation of 8-BrcGMP.
To establish the optimal effective dose of inhaled 8=BrcGMP, a dose-response relationship was constructed using doses ranging from 0.03 to 300 pg/kg. The maximal decrease in PVR occurred at an inhaled dose of 3 pg/kg (-24.5 t 2.7% for 8-BrcGMP vs. inhaled physiological saline, P < O.Ol), with no further decrease seen at higher doses (Fig. 3B) . The lowering of PVR after inhaled 8-BrcGMP was reflected in a significant decline in MPAP (-12.7 -+ 2.8%), also occurring at 3 pg/kg (Fig. 3A) . MAP was not significantly different at any given dose (Fig. 3C) . In addition to its beneficial effects on PVR and MPAP, CO was significantly increased after inhalation of doses of 0.3 and 3.0 pg/kg (Fig. 3E) pHs, fico,, P&J,, and Svo,, mixed vendus pH, Pco~, Pop, and hemoglobin saturation; Q,/Qt, shunt fraction. * Mixed venous blood gas data not available. t Blood gas analysis not available, Table 1 . ** Significantly different from pretreatment, P < 0.01. after 8BrcGMP inhalation (Fig. 4A) . Thereafter, PVR 8Bt-cCMP @g/kg) steadily rose to pretreatment values. To exclude a role for activation of purinergic receptors in the lung (8), inhalation of the noncyclic purine nucleotide analogue 8-BrGMP was given by inhalation. In contrast to inhaled 8BrcGMP (300 pg/kg), inhaled 8-BrGMP (300 kg/kg) failed to lower PVR and had no significant hemodynamic effects in comparison with inhaled physiological saline (Fig. 3) .
To determine whether the pulmonary vasodilator effects of inhaled 8-BrcGMP caused increased pulmonary shunting of venous blood, arterial and venous blood gas measurements were obtained and pulmonary shunt fractions calculated (Table 1) (27) . There was no change in pulmonary shunt fraction after 8-BrcGMP inhalation (0.138 t 0.023 before vs. 0.144 t 0.030 after, P = NS). There was also no difference in pulmonary shunt fraction before and after 8-BrGMP inhalation (0.127 t 0.018 before vs. 0.123 t 0.023 after, P = NS).
To investigate whether the mode of delivery was responsible for the pulmonary selectivity, identical doses of 8-BrcGMP (300 kg/kg) were given by the intravenous or the inhaled route. PVR before and after intravenous delivery was 464 t 54 and 328 t 27 dynscm-$ respectively (P < 0.05). SVR before and after intravenous delivery was 1,556 t 142 and 1,247 t 92 dyn s cme5, respectively (P < 0.05). In contrast, when S-BrcGMP was inhaled, only the PVR decreased significantly compared with pretreatment values (Fig. 2) . These data are plotted as percent change in vascular resistance in Fig. 5 , which illustrates that the mode of delivery is responsible for the selective reduction of PVR.
Because &BrcGMP has been reported to depress myocardial contractility (26), the effect of inhaled %Brc-GMP on cardiac contractility was investigated (n = 3) using LV conductance as an index of ventricular volume, with simultaneous measurement of intraventricular pressure. ESPVR, a load-independent measure of cardiac contractility (3, 25), was determined by varying preload by controlling blood return via the inferior vena cava. In control pigs not treated with thromboxane, ESPVR was calculated before treatment ( Fig. 6A ) and remained unchanged after inhalation of an effective pulmonary vasodilator dose of 8BrcGMP (30 kg/kg; Fig. 6B ). Similarly, there was no change in ESPVR after inhaled &BrcGMP after establishment of pulmonary hypertension by infusion of the thromboxane A2 analogue (data not shown). This is in contrast to the depression of myocardial contractility observed after intravenous administration of a known negative inotrope (esmolol, 1 mg/kg; Fig. 6C ) (28).
DISCUSSION
Primary and secondary pulmonary hypertension are associated with high morbidity and mortality (18). Although many therapeutic agents have been tried in an attempt to lower the elevated PVR associated with these conditions, no agent has been found that is both simple to administer and consistently effective (18, 22, 23, 30 ). The efficacy of most agents is limited by nonselective vasodilation, whereby SVR is lowered to a similar or greater degree than PVR, occasionally causing a precipitous drop in blood pressure resulting in patient death (18, 19, 23, 30) . A drug is considered to be clinically effective in pulmonary hypertension if it can lower PVR more than it lowers SVR, i.e., is relatively selective for the pulmonary vasculature (18). Because the major clinical impact of chronic pulmonary hypertension stems from flow limitation, a goal of drug therapy is reduction of pulmonary arterial pressures and calculated PVR, with normalization of CO (23). (300 pg/kg) was dissolved in 5 ml of physiological saline and administered by inhalation (n = 7; primary data in Fig. 2 ) or intravenous injection (n = 5). *APVR significantly different from ASVR, P < 0.05. Of the numerous approaches to selectively reduce PVR in pulmonary hypertension, the use of inhaled NO has shown particular promise in recent trials (12, 20) . Rationale for the use of NO to treat pulmonary hypertension is based on its ability to stimulate soluble guanylate cyclase found in smooth muscle cells throughout the vasculature, leading to an increase in intracellular cGMP and subsequent vasodilation (13). Because NO binds rapidly to and is inactivated by hemoglobin (l), it preferentially dilates the pulmonary vascular bed when administered by inhalation. Recent clinical studies investigating the adult respiratory distress syndrome demonstrate that this therapy is likely to benefit patients as a gas, special delivery equipment is required; its effects are dependent on continuous administration (12, 24); its free radical structure renders it highly reactive, producing toxic metabolites such as peroxynitrite (2, 5); and it is possibly carcinogenic (associated with a positive Ames test for mutagenicity) (2). However, th ere is no evidence that clinically effective doses of NO have produced significant lung injury or methemoglobinemia.
We hypothesized that administration of a nonhydrolyzable membrane-permeable analogue of cGMP, &BrcGMP (14-16), might have beneficial pulmonary-vasodilating effects similar to NO, although there are as yet no data documenting the safety of long-term 8BrcGMP administration.
In isolated lung models, 8BrcGMP administered intravenously effectively reduced hypoxia-induced pulmonary vasoconstriction (1) . Although others have given 8BrcGMP intravenously (9), this method of administration should not cause selective dilation of the pulmonary vasculature, because cGMP is a ubiquitous messenger, occurring in many tissues ( 14-16). Inhalation of aerosolized prostacylin has been reported to cause a selective decrease in pulmonary arterial pressure and PVR when compared with intravenous injection (31) and may be effective in the adult respiratory distress syndrome (29). We hypothesized that 8-BrcGMP administered by inhalation would target pulmonary vascular smooth muscle and thereby be relatively selective in reducing PVR.
To test this hypothesis, a model of acute pulmonary hypertension was established using the thromboxane A2 analogue 9,lLdideoxy-9a, 1 la-epoxymethanoprostaglandin FZa (10) given by continuous infusion to induce pulmonary hypertension. Even though this is a model of uniform pulmonary vasoconstriction with no parenchyma1 lung disease, it may be relevant to clinical pulmonary hypertension, because thromboxane is believed to play a role in diseases as varied as scleroderma, systemic lupus erythematosus, cirrhosis of the liver, and pulmonary emboli (4, 7, 17, 21). Others have shown that endothelium-derived relaxing factor (NO) has a significant role in blunting the pulmonary response to vasoconstrictors such as thromboxane (lo), making this model suitable to test the effects of a cGMP analogue. In addition, this model was well suited to assess pharmacological intervention because of the stability of hemodynamic variables achieved during constant infusion of this compound.
Our studies demonstrated that 8-BrcGMP administered by inhalation causes a significant dose-dependent decline in MPAP and PVFL These changes were accompanied by an increase in CO. This, in addition to the significant decrease in CVP, is evidence that 8-BrcGMP inhalation results in unloading of the right ventricle, a goal of pulmonary vasodilator therapy (23). The failure of PVR and pulmonary arterial pressure to return to baseline (pre-thromboxane analogue) values may be due to limited ability to counteract the potent pulmonary vasoconstrictor used in these experiments. This does not necessarily preclude therapeutic efficacy, however, because clinical benefits have been reported without complete normalization of PVR in treated pulmonary hypertensive patients (23).
One theoretical benefit of inhaled vasodilators such as NO is preferential vasodilation in areas of the lung where delivery is greatest, i.e., the ventilated portions of the lung. To assess the location of compound delivery in our experiments, methylene blue was administered by inhalation in an identical fashion to 8-BrcGMP. In these experiments, noncollapsed alveoli demonstrated histological evidence of methylene blue staining, indicating that the test compounds administered by inhalation reached ventilated alveoli. This is consistent with the shunt fraction data we obtained showing that inhaled 8-BrcGMP had no significant effect on shunt fraction, suggesting that it does not increase perfusion to poorly ventilated alveoli. Together, these data suggest that 8-BrcGMP administered via inhalation is preferentially d .elivered to the ventilated portions of the lungs To further establish that relative pulmonary selectivity was due to directed delivery of 8-BrcGMP into the lungs rath .er than a tissue-specific property of the compo und, compari .sons between intravenous and inhaled administration were made. When identical doses of 8-BrcGMP were given, only the inhaled route selectively decreased PVR compared with SVR. This selective pulmonary vasodilation resulting from 8-BrcGMP inhalation is not limited to the thromboxane analogue model. Preliminary studies using a porcine model of hypoxia-induced pulmonary hypertension show similar selective reductions of PVR after inhalation of 8-BrcGMP (Lawson and Pinsky, unpublished observation). Taken together, these data show that pulmonary selectivity is neither compound nor model dependent, suggesting again that local delivery confers relative pulmonary selectivity.
Because purinergic cell surface receptors are widely distributed in the vasculature and binding of purine nucleotides to these surface receptors may cause vasodilation (8), it was necessary to determine whether purinergic receptor-mediated vasodilation occurred in our model of pulmonary hypertension. 8-BrGMP, the noncyclit analogue of 8-BrcGMP, was administered by inhalation for this purpose. This noncyclic compound had no effect in decreasing PVR when given at an inhaled dose (300 pg/kg) at which 8-BrcGMP demonstrates a clearcut decline in PVR. This finding suggests that the ability of 8-BrcGMP to reduce PVR is related to its actions as a second-messenger cyclic nucleotide rather than due to purinergic receptor activation.
It has been suggested that stimulation of the NO pathway may result in depression of myocardial contractility (6, 11, 26), which would be of clinical concern in patients with compromised ventricular function. Depression of myocardial contractility has been ascribed to NO production (6, ll), and 8-BrcGMP itself has been shown to exert a moderate negative inotropic effect on isolated ferret cardiac muscle (26), so it was important to measure the effect of inhaled 8-BrcGMP on loadindependent measures of myocardial contractility. Be-
